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New Coupling Agents for the Synthesis of Immunotoxins Containing a Hindered 
Disulfide Bond with Improved Stability in Vivo 

^X£Z 1 ^' ^ ^ * * — — ^ Walson, 

z>~, r.^„ n , ^ w , Canc „ Restarvh Fund p Q ^ n} ^ ^ ^ ^ ^ ^ ^ 

ABSTRACT _, _ 

are SPDP (8) and 2IT (9). These agents are simple to use and 

K^r™ *■ - — ™ » s 

The disulfide bond formed by the SPDP and 2IT reagent* 
appears to be unstable in vivo. We have shown^hat^Z 
mjection .n.o mice immunotoxins prepared with these^S 
break down with a half-life of about 8 h to release free aSboT 
Th« is true of immunotoxins prepared from the A-cha nTof 
abnn {l0) native ricin (l i) a „d ricin which has been chSftr 
deglycosylated to prevent its clearance by the carbohyS 
recogmuon systems of the liver (11). In otherlaSSoriJ 
evidence has been found which supports (12-14) oVoS 

A-rh^ J ••nmunotoxms were prepared from native ridn 
A-cha.n and were cleared from the bloodstream so rapidly™ 
the dower event of .mmunotoxin breakdown may not Lve beS 

Breakdown of the linkage in the immunotoxin is a problem 
f or , *»* («) there is less intact immunotoxin 

He ability of immunotoxins prepared with the Dew reagents to inhibit * . tUmOT <*> tbe released antibody can 

^* e lrJ beS * by ^-l-'-P-ssing akr-a/2 ly^lm! ~™Pete with the immunotoxin for the target antigel 

• T^""* 0 " 1 to th » l of hnmonotoxtaa prepared with 2IT or N- beu,g much '°nger-lived (1 1), has greater oDDortunkv to 

when retested in cytotoxicity assays. . 1 ana &MPT. These reagents were then used to prepare 

sJ'tHT" 0 - 00 * !n,muno,oxins prepaTOl with the new coupling .gents to « ns containing the same hindered disulfide linkage 

should hare unproved antitumor activity i. , iro because they are tonra . , " methyl group and a benzene ring protect the disulfide 

bred and do not break down so readily to release free antibodT wnS ^ f™™ attack b * «~'ate anions. ImmunotoxinTnreS 

could compete for *e^.„H_ " ^ ™ th the new reagents have improved in nvo stabuSy ^ ^ 

tOXKItV to tstrot-t <>«llc So .. . ' ™ a Ule " 



>- Twonew «»"PKog agents were synthesized for making immunotoxins 
Qcontaining disulfide bonds with improved stability in rh<r. sodium *4- 
=succimmidyloxycarbonyl-o-methyl benzyl thiosulfate (SMBT) and 4. 

^iKcwimidyloxycarlK»nyl^methyM2-pyridylditblo)toniene (SMPT). 
^-Woth reagenu generate the same hindered disulfide linkage in which a 
yjmethyl group and a benzene ring are attached to the carbon atom adjacent 
_]'° the oiso,fide ho«« »"d Protect it from attack by thiolate anions. 
CQ mmunotoxin consisting of monoclonal anrt-Tby-I.l antibody 

30X7) hnked by means of the SMPT reagent to chemically deelvcosv 
la.ed rid. A-chain had better stability /„ „>„ thstD TLll^ 
prepared with 2-.minothiol.ne hydrochloride (2IT) which generates aa 
^ unhindered disulfide Bnkage. About 48 h after Lv' injectio^ mic^ 
<^l f ° f ^SMPT-linked i— «*»« Present in the blood w«m 
■ " "f 0 ™ as released free antibody, whereas equivalent 

, T "* 2JT li " M hnmunotoxto was seen at aboutTh 
lS H^"" C °"n qD ? nt,y ' tbe blood ° f »« SMPT-linked immune 

UJ toxin remamed higher than those of the 2IT-linked immunotoxin despite 
CQ loss of immunotoxin from tbe blood by other mechanisms. Fortv-efehth 
after injection, 10% of tbe injected dose of the SMPT-linked Lmm»- 

^ZTJ^JL 00 ***™ - ^ 



toxicity to target ce.,s is pract^ly^^^of 1 ^ 
I ^ 8rea , er resistancc to reduction was recently d^ 
Ported SPDB - ,,nked "nmunotoxins have not yet been re- 



couM compete for the target antigens. 

INTRODUCTION 

Novel antitumor agents called "immunotoxins" have been 
synthesized in several laboratories by covalently linking the A- 
cham of ncin and other toxins to antibodies against tumor- 
associated antigens (reviewed in Refs. 1-5). These reagents bind 

to antigens on the target cell surface, are endocytosed, and the MaTERIAL S AND METHODS 

v^cTid'k^ThT *l m ? mh ™*: P r ?«>ably of the endocytk Material, 
vesicle, and kills the cell by inactivating its ribosomes 

.. C f°J Ugatlon of me antibody and A-chain is generally accom- Seeds of Abna Precatoriiu were kindly provided bv rv « 

fde Sn^^ nS ° f f°^ ,in,dng agCntS that '^odutia^S- 25* f ° r ^ ^S^S^L^ 

fide bond between the two proteins. Immunotoxins prepared ^ Were f ,ndian ori »' n - Crushed castor beans (WJ« ™»V m 

^h nonreducible linkages are consistently less cytotoxic ZIZ LmcT ^ ^•"^ ^ Ud ' ^e S 

their disulfide-bonded counterparts indicating that reductive were from Centrai Afnca. 
cleavage of the disulfide bond to release the A-chaS 7TZ 
cytosol may be an im portant step in the cytotoxic process (6, 
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concentration that reduced iin M «.;„ L2I_^ ' - ^ abnn A -cna»n; IC^ 
clon.U antibody directed ^ huroan g.UCfn^ XlZT 



HINDERED DISULFIDE COUPLING AGENTS 



: v.i The hybridoma cell line, MRC OX7, secreting a mouse IgG 1 subclass 
antibody to the Thy- 1.1 antigen, was kindly provided by Dr. A. F. 
Williams (MRC Cellular Immunology Unit, University of Oxford). 
Details of its derivation have been published by Mason and Williams 
(19). The hybridoma cell line, LlCR-LOl^-R 1 0, secreting a mouse 
IgGl subclass antibody to human glycophorin was kindly supplied by 
Dr. P. A. W. Edwards (Ludwig Institute, Sutton, England). 

The Thy- 1.1 -expressing AKR-A lymphoma cell tine was obtained 
from Professor I. MacLennan (Department of Experimental Pathology, 
Birmingham University, Birmingham, England). It was recioned to 
remove a mutant subpopulation which was resistant to immunotoxins 
prepared using the SPDP reagent but sensitive to immunotoxins pre- 
pared using the 2IT reagent (10). The recioned line is designated AKR- 

Tissue culture medium RPMI 1640 and fetal calf serum were pur- 
chased from Gibco-Biocult, Ltd. (Paisley, Scotland). Agarose (Sea 
Plaque) was from FMC Corporation (Rockland, ME). Microplates with 
96 flat-bottomed wells and tissue culture plates with 24 flat-bottomed 
wells were purchased from Flow Laboratories (Irvine, Scotland). 

Sodium l ,M IJiodide (IMS 30) and L-{4,5- 3 Hpeucine (TRK 170) were 
obtained from Amersham International (Amersham, England). The 
Iodo-Gen reagent for protein iodination was from Pierce (United King- 
dom) Ltd. (Chester, England). 

Chromatography media were Sephacryl S-200, Sepharose 4B, Seph- 
adex G25 (fine grade), and Blue Sepharose CL-6B from Pharmacia 
Ltd. (Milton Keynes, England). 

SPDP was purchased from Pharmacia, Ltd., and 2 IT from Sigma, 
Ltd. (Poole, England). Thin layer chromatography (SK)*) plates were 
from Merck (Kieselgel 60F). All other reagents were of analytical grade. 

Synthesis of SBT 

Bromotoluic acid (5.29 g; 25 mmol) was suspended in dioxan (10 
ml) and was mixed with a solution of sodium thiosulfate (6.45 g; 26 
mmol) in water (6 ml). The mixture was stirred at 40X for 3 h during 
which time the solid dissolved and the thiosulfate derivative of toluic 
acid then crystallized out. The crystals (m.p. approximately 255*C with 
decomposition) were washed with cold water and dried under vacuum 
at 45*C to constant weight (3.90 g; 14 mmol; 55%). The solid was 
dissolved in dry dimetbylformamide (5 ml) and mixed with a solution 
of Ar-hydroxysucrinimide (1.82 g; 16 mmol) and dicyclohexylcarbodi- 
imide (2.97 g; 14 mmol) each in dry dimethylformamide (5 ml). The 
mixture was stirred for 16 h at room temperature and the urea was 
removed by filtration. The solvent was removed from the filtrate by 
rotary evaporation at 40*C using an oil pump and the A r -succinimidyl 
derivative was recrystallized from methanol/CHOj. The yield of the 
white crystals was 3.47 g (66%). The overall yield for the synthesis was 
36%. Melting point determinations showed decomposition at 120"C. 
The analysis 

Requires: C 37.14, H 3.36, N 3.62, S 16.60, Na 5.95 
Found: C 36.63, H 2.78, N 333, S 16.27, Na 6.01 

was consistent with the structure shown in Fig. 1 (C I3 H 4 N0 1 S 2 Na). 



crystallized from isopropyl alcohol to give white crystals (m.p. 140X) 
in good yield (5.62 g; 25 mmol; 72%). A solution of o-bromoethylben- 
zoic acid (0.60 g; 2.6 mmol) in dioxan (6 ml) was mixed with a solution 
of sodium thiosulfate (0.65 g; Z6 mmol) in water (6 ml). The mixture 
was stirred for 16 h at room temperature and the solvents were removed 
in a vacuum at 40X. The solid was washed with CHClj and the 
thiosulfate derivative was recrystallized from water. The white crystals 
(shrinkage at 143*Q decomposition at 200'Q were recovered in poor 
yield (0.20 g; 0.72 mmol; 25%). The crystals were thoroughly dried and 
dissolved in dry dimethylformamide. The solution was mixed with 
solutions of dicyclohexylcarbodiimide (0.148 g; 0.72 mmol) and JV- 
hydroxysuccinimide (0.090 g; 0.78 mmol) each in dry dimethylform- 
amide (0.4 ml). The urea that had crystallized out after leaving the 
solution at room temperature for 16 h was removed by filtration. The 
solvent was removed from the filtrate by rotary evaporation at room 
temperature using an oil pump. The oily residue was redissorved in 
methyl ethyl ketone and undissolved solid was removed by filtration. 
The solvent was removed from the filtrate by rotary evaporation under 
reduced pressure and CHCIj was added to the residue which precipi- 
tated the product as a white solid that was dried under vacuum (0.17 g; 
0.43 mmol; 72%; m.p. approximately 12KC with decomposition). The 
overall yield for the synthesis was 13%. The analysis 

Requires: C 39.09, H 3.54, N 3.51, S 16.06, Na 5.76 
Found: C 38.88, H 3.68, N 3.46, S 15.69, Na 5.68 

was consistent with the structure shown in Fig. 2 (C 12 H I2 NO»S 2 Na). 




Fig. 2. The SMBT reagent (formula weight, 399.4). 
Synthesis of SMPT 

p-Ethyfbenzoic acid was a-brominated and converted to the thiosul- 
fate derivative as described in the preceding section. The thiosulfate 
(6.0 g; 20 mmol) was hydrolyzed by adding 5 N Ha (50 ml) and stirring 
at room temperature under nitrogen for 6 h. The reaction mixture was 
then extracted three times with ethyl acetate (50 ml) and dried over 
anhydrous sodium sulfate. The solvent was then removed in a vacuum 
to leave o-thioethylbenzoic add (3.0 g; 16 mmol; 80%) as a white solid 
which was stored under nitrogen. 

2-Pyridinesulfenylchloride was prepared by bubbling chlorine gas 
through a solution of 2,2-dipyridyidisiilfide (2.3 g; 10 mmol) in dry 
dichloromethane (20 ml) for 30 min at room temperature. The solvent 
was then removed by rotary evaporation under reduced pressure and a 
solution of o-thioethylbenzok acid (1.9 g; 10 mmol) in dry dioxan (10 
ml) was added. The mixture was stirred vigorously overnight at room 
temperature under nitrogen. The yellow solid produced during the 
reaction was then partitioned between 0.05 M sodium phosphate buffer 
and ethyl acetate keeping the pH constant at 7.0. The organic layer 
was removed, dried over anhydrous sodium sulfate, and the solvent 
removed by rotary evaporation under reduced pressure to leave a yellow 
oO. Recrystallization from ethyl acetate/dkhloromethane yielded col- 
orless crystals (m.p. 130-132'Q. The analysis 

Requires: C 57.71, H 4.50, N 4.81, S 22.01 
Found: C 57.92, H 4.63, N 4.89, S 21.99 

was consistent with the product being 4-carboxy-a-methyl-<r-<2-pyri- 
dyldithio)toluene (CmHuNOA). 

To a solution of the 2-pyridyldithid derivative (19 g; 6.6 mmol) in 
dry dioxan (10 ml) were added dicyclohexylcarbodiimide (iA 6.8 
mmol) and Ar-hydroxysucrinimide (0.79 g; 6.8 mmol) each dissolved in 
dry dioxan (approximately 4 ml). The mixture was stirred for 4 h at 
room temperature; filter^ 

; _ .. by rotary evaporat^ 

NiceMml^^ dried with anhydrous sodium by short column chromatography 

wHala:^ j|£a$^ by rotary evaporation under reduced with a gradient^ of iQl^^ 

" " ' arbrompethylbenzolc acid;; was- re- ; renwvaldftKej^l^f f 
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Fig. I. The SBT reagent (formula weight, 385.4). 
Synthesis of SMBT 

p-Ethylbenzoic icid (5.15 g; 34 mmol) was dissolved in CHjClj (45 
ml) and solid /V-bromosuccinimide (6.81 g; 38 mmol) was added fol- 
lowed by bcnzoylperoxide (0.08 « 0.34 mmol) in CH,Cl a (1 ml). The 
mixture? was; rtnuxed for 24 h. The white solid that remained was 
rtdUaolytd by the addition of further CH,d a (40 ml) to the reaction 
mtitmlttd ft* lolullon w« extracted twice with water to remove 





HINDERED DISULFIDE COUPLING 'AGENTS 
The product was homogeneous when analyzed by thin layer chroma- a i_ 

.ogn.phyCSiO.eU.yiaceu.e.CH^, l.D^ttlptsto^tSft J2£i32£££i * ^ * 412 ^ < 2 * Th» 

were unsuccessful. The overall yield for the synthesis was 2%. Nuclear dhtonT»„^^!? . f° UPS ,ntroduced -sing the above cnT 
magnetic resonance and infra-red analyses showed m (d, memylato^ Zi^^TlL!,™* ' ^ molecu!e of antibody. ^ 
hoi) 8 36 OH, m, pyridyl); 7.96 (2H, m, phenyl); 7.73 to 7.53 (5H ^ n,^" K fSESF h£ IS." S ° IUti ° D ° f (20 
phenyl and pyridyl); 7.06 (1H, m. pyridyl); 4.30 (1H, m, CHCH,); 2.96 indrj Sta^I^^^r^ SMPT (267 ** 0 
(4H, S. Mhydroxysuccinimide ester); and ,.76 (3H, n, CHCH,, _ -*Z££Stt^ ttS^JLTV^ 

° ve ;f"^ody- The dimethylformamide was used at 10%?/? 
the SMPT soluble. The solution was sdrred for 1 h at room tempSa^ 
and was applied to a column (30 x ,.6 cm) of Sep^x G 2 T^ 
equilibrated ,n nitrogen-flushed phosphate-EDTA buffer. The pS 
that elated m the void volume of the column was concentraTedT^ 
mg/ml m an Amicon ultrafiltration cel. fitted with a YM2memb£i° 

VZ™^. num ^ r ° f -««ethyl^(2-pyrid y ldithio)toluoyl ground 
troduced mto each antibody molecule was determined by redact 
sample of derivatized antibody solution with DTT and ^ 
absorptton of the released pyridine-2-thione which has a Z^2^t 
tmty of 8.08 x IO> M - cm"' at 343 nm (8). The number oflr^" 
^2-pyridyldiU,io),oluoyl disulfide groups mu£„^»~£ 3T2£ 
conditmns ranged between 1.5 and 2.0/molecule of antibody. 

Couplmg of SMBT- and SMPMerivatfaed Antibodies to A^lai^ A 
soluuon of abrA (10 mg) or dg.ricA (10 mg) in plmsptate-EOT^i 

Z?llLT ted ? T 30 min a ' room temperature with 50 mM DTr 
and apphed to a column (30 x 2.2 cm) of Sephadex G25 eouilih^. Ji 
m nitrogen-flushed phosphate-EDTA buffer 1^ A^^rS 
(about 35 ml) that eluted from the column was addedl^T^ 
^tion 00 mg/mi; 2 ml) ^52^ 




(4H, S, yv-hydroxysuccinimide ester); and 1.76 (3H t m, CHCHj) 
(CHjCy 2920, 1770, 1740, and 1605 cm 1 . These analyses were 
consistent with the structure shown in Fig. 3 (CisH,*N 2 0 4 S 2 ). 

_ CH3 

Fig. 3. The SMPT reagent (formula weight, 388.5). 
Purification of Abrin A-Chain 

Abrin was extracted from the seeds of A. precatorius by the method 
of Thorpe et al. (20). The toxin was split by reduction into its compo- 
nent chains and the A-chain was purified to homogeneity as described 
previously (21). The purified toxin and the A-chain (abrA) had median 
lethal dose values of 1.4 M g/kg and 12 mg/kg, respectively, when 
administered m>. to adult BALB/c mice. 

Deglycosylatioo and Purification of Ricin A -Chain 

Ricin was purified from crushed castor beans by the method of ' -umu was aaoeu directlv to t\- 

Cumber etaL (21). A solution of the toxin (2.5 mg/ml) in 0.2 m sodium ~ D « ntrate f i «-«ibody solution (10 mg/ml; 2 ml) in the Amton 

acetate buffer, pH 3.5, was treated for 1 h at 4 C with sodium rneZ f^!™ «" a -olar excess of As±ain over^ET 0 ?S 

penodate and sodium cyanoborohydride at final concentrations of 10 f ° ,d ' mucture was ^n concentrated to about 10 ml and incuha^ 



. . .. * ■* « -» v. wiui suQium roeta- 

penodate and sodium cyanoborohydride at final concentrations of 10 
and 20 mM respectively, as described by Thorpe et «/. (22). This 
procedure results in the destruction of approximately 50% of the 
mannose and most of the fucose residues present on the A-chain. The 
^a«tylgJucosamine and most of the xylose residues are unafTected 
(23). The ^^glycosylated ricin A-chain was separated from the B-chain 
and was extensively purified by the method of Fulton et at (24) The 
o^ncA Jiad la median lethal dose value of 15 mg/kg (as compared with 
30mg/kg for native ncA) when administered i.p. to adult BALB/c 

Purification of Antibodies 

™ e ^noclonal antibodies OX7 and R10 were purified from the 
blood and ascitic fluid of hybridoma-bearing BALB/c mice by the 
method of Mason and Williams (19). 

Preparation of Immunotoxins 



from the ultrafiltration cell ^^oT^^ZT^ 

h^t .r Pe ?^ to inactiv " te a " y activated <«»Jfide groups remain- 
mg m the antibody component of the immunotoxfa. These conditio^ 

30% or the M 180,000 immunotoxin interacted with plasma constitu- 
ents u, both m v,vo and in vitro experiments to form a covalenTaddS 
matnly of M, 240,000. I, is possible that residual actrwTd^S 

7 ,^T7 ti0n ° f SPDP " »TBnk«l Immunotoxms. The SPDP and 
ST^K tS ^ USed ,0 Hnk • brA «* <^ricAtoOX7 antibody. 

tJS!!!?^ ° f * C ImmuD0t03dns - The products of the conjugation 
reacoons above were applied to a column (90 x 2 J. cm) of Sephacryl 

etiS Zk .^! " ? °i M ^ P h <«P^ buffer PH 7 5^nd 
tha lh^ l Sam£ SOlution - ^ fr^-" of immune oxin 

that eluted with a molecular weight of approximately 180 000 were 

• Blue^Sepharose ^mn^^^ 



Buffer SolotJoos. Two buffer soluUons were used during the synthesis 
?7*r,TZ 0t Z ^ {a) 0 05 M S ° diura o 0 ™^ PH 9.0, containing 

S^IT ^J^^!?' 001 M Na 2 HPO^.00T 8 m P °^ l and ; ractionated «>- » Blue Sepharose commn'to" removed 

^JS?" 00034 M Ka - 0001 M EDTA, pH 7 J ("pnos- ant ? ,od / and ""munotoxin molecules containing more thanonTm^ 

Phate-EDTA buffer")- ecule of A-chain as described previously (27) 0De m< ^ 

DerivatizatJon rf Antibody with SMBT. To a solution of antibody (20 Analysis by polyacrylamide gel electrophoresis in SDS show^t th« 

mg) m borate buffer (4 ml) was added SMBT (216 ^ 1 mg/m0to S ^ im - unoto ^^ •»« aa apparent mole^r^gh.^,1^0 a^ 

d^unethylformamtde The final concentrations of SMBT and antibod? *»' ^ ~ Bte ™«« <>»* -olecule of antibody Untod to one^moLUne 

anTh^v g ^" 8 ? 4 foId M excess of SMBT ovS ?f A f haiB - ^ concentration of immunoZn was dete^in^ rrom 

antibody. The solution was stirred for 1 h at room temperature and a !S sorbance measurements at 280 nm. IgG-ricA (M IRftZi ^JT^ 

SO i Ut, °°°L Drr WO Ml; 15.4 mg/ml) in borate buffer waTaSdTg^ f~ at 280 nra of » 29 assuming vmuefofSo £J if antiboS Tano 

a a fl n rlrVh CO r ntrati0n0fl ^ w^stirredleng^ 0.765 for me A-chain (28). IgG-.brA W . ISO O^?^^^ 
a fijrtber 1 h at room temperature and a solution of 5,5'^tluo-bis(2- 1 Bm of 130 assumin 8 values of 1.40 for the antibody and 0 7M for tte 

mtmbetttotc add) fEUman's reagent (25)J (40 ^ 87 J mgS) fa ™- 87 

^ giYing 8 rmal concentration of Ellman's ^ immuno,oxins have the structures shown in Fig. 4. The antibody 

3"l° f 2 2 T 4 - ««™« was stirred gently for 1 h at room components of the OX7 immunotoxms fully retained antig^ommS 

temperature and was applied to a column (20 x 1.6 cm) of Sephadex *?T ty ' 85 ^ fluorescence-activated cell sorted Se^ 

SmmlTfT at !? in t nitro ?r flush cd phosphate-EDTA buffe; AKK-A/2 cells treated with antibody or immunotoxin a^Sntana 

^ ea r to I o SSSZi V ° id , V °' U r r ° f column was co^en- ^^"f concentrations. The A-chain components fuTSned 

i»a.ea to 10 mg/ml «j an Amicon ultrafiltration cell fitt«t . vm-i "en abdity to inhibit protein synthesis in reticulocyte lysates (29)^ 

Rate Constants 



. . «« coiumn was concert- 

traiedto 10 mg/ml m an Amicon ultrafiltration cell fitted with a YM2 
membrane. The average number of activated disulfide groups intro- 
^ an !^° dy ra ° ,ecule — ocermi-ed by SuSn^sanS: 
7r^ ed , antib ° dy S ° ,Ution WiU ' DTr and «»easuring the absoro! 
t.on of the released 3^arboxylato^-nitrothiophenolate ion winch na^ 
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SPDP 1 o*r 55 2 S bUfl ' er (5 mg/ml) ^ted with SBT, SMBT, 
SPDP, or 2IT to introduce an average of approximately 5 molecules of 

ra 



HINDERED DISULFIDE COUPLING AGENTS 




SUPT and SMBT : IgG 



SBT 



SPOP: 



2TT 



IgG 



NH CO (5) 
NH CO (5) 



CH SS 



Stability and Blood Clearance Measurements 



A-chain 



A -chain 



CH 2 SS< 
\ 

NH CO CHj CH, SS^ A-chain 

NH, 

ii 

IgG NH C CHj CH 2 CH 2 SS A-chafn 



Measurements of the stability and blood clearance rates of the 
immunotoxins were performed as previously described (11). Briefly 
the purified OX7-SMPT-dg.ricA and OX7-2IT-dg.ricA immunotoxins* 
were radioiodinated with ,J5 I to a specific activity of approximately 10 7 
cpm/Mg. Groups of three adult male specific-pathogen- free BALB/c/ 
ICRF mice were given injections Lv. of 10 /ig of radioiodinated immu- 
notoxins and samples of blood were drawn from the tail vein at various 
time intervals and transferred to heparin-coated tubes. The radioactivity 
in the blood samples (50 jd) was measured. The samples were centri- 
fuged at 10,000 x g for 2 min and the plasma was removed. The 
radioactivity in 20 fi\ plasma was counted and the samples were stored 
This generated the same activated disulfide-Ieaving group (/.*., 3-car- m liq V^ N o^i thc end of exjxnment, volumes of plasma samples 
boxylato-4-nitrothiophenolate ion) in all the derivatives. The derfva- « tM ™» c P m ^ electropboresed on 5 to 10% polyac- 
tixed IgG preparations were desalted on columns (20 x 1.6 cm) of ******** gels (1 mm thick) containing 1% SDS. 
Scohadex G25 equilibrated in 0.025 M sodium phosphate, pH 7.4, L Autoradiograpns of the dried gels were scanned and the area under 
containing 0.15 M NaCL ^ , "^ UDOtoxin 180,000) peak and the released antibody (A/, 

TIjc IgG derivatives were treated with DTT (0.01 to 0.1 dm) or * 50 ' 00 ?) **f k was divided by the total area under all the peaks to 
glutathione (0.1 to 1 mM) at 25'C and the rate of release of 3- determmc ™ Proportion of radioactivity in the plasma that corre- 
»- — i-*- a -t* — — — i— « . sponded to mtact immunotoxin or released antibody. Calibration ex- 



fig, 4. Linkages formed by the different coupling agents. 

coupling agent per molecule of protein. The derivatized IgG was treated 
with 1 mM DTT for 1 h followed by 2.2 mM Ell man's reagent for 1 h. 



carboxylato-4-nkrothiophenolate ion was measured at 412 nm using a 
Sbimadzu (Model UV 240) spectrophotometer. DTT or glutathione 
was' added at the same time to the reference cell which contained 
underivatized bovine IgG which had been treated with DTT followed 
by Ellman's reagent in the same way as the IgG derivatives. The second 
order rate constants were calculated from the equation 



Ka - b) ^ m> - jr) 



where a is the initial molar concentration of activated disulfide groups 
in the derivatized protein solution, b is the initial molar concentration 
of EflTT or glutathione, and x is the molar concentration of released 3- 
carbpxylato-4-nitrothiopbenolate ion at time t s after adding DTT or 
glutathione. 

Toxicity to AKR-A Cells in Tissue Culture 

prTJLeucine Incorporation Assays. A suspension of AKR-A/2 cells 
was prepared at 10 s cells/ml in RPMI 1640 medium supplemented 
. with 10% (v/v) heat-inactivated fetal calf serum, penicillin (200 units/ 
mf), and streptomycin (100 Mg/ml) ("complete medium"). The cells 
were incubated for 24 h at 37*C with immunotoxins and other test 
materials using the mkxoplate method described previously (29). 
I'HJLeucine (1 M Ci) was then added to each culture (200 pi) and the 
radioactivity that the cells incorporated was measured 24 h later. 

Monogenic Assays. A suspension of AKR-A/2 cells was prepared at 
2 x 10 s cells/ml in complete medium. The suspension was distributed 
in 50-ml volumes into 300-cnrV tissue culture flasks and complete 
medium or medium containing immunotoxin (1 ml) was added to give 
a final immunotoxin concentration of 1.3 x 10"* m. The cells were 
incubated for 24 h at 37X in an atmosphere of 5% CO* in humidified 
air. The cells were then washed three times with complete medium. 

Cells which had been incubated in medium alone were suspended at 
1 20, 240, 360, 480, and 600 cells/ml in complete medium. Cells which 
had been treated with immunotoxin were suspended at a range of 
concentrations between 10 4 and 10 7 cells/ml in complete medium. A 
solution of 0.24% w/v agarose in complete medium at 45*C was 
dispensed in I -ml volumes into Petri dishes (35-mm diameter) and 
cooled for 1 h at 4*C to solidify the agarose. To aliquots of cell 
suspension (0.5 ml> in sterile tubes at 4*C was added a solution of 
0.24% w/v agarose in complete medium (2.5 ml) at 45 # C. The suspen- 
sions were then mixed, transferred in 1-ml volumes to the agar-coated 



periments had previously shown that the area under each peak was 
directly proportional to the cpm it contained. Analysis of the immu- 
notoxin by SDS-polyacrylamioe gel electrophoresis under reducing 
conditions showed that the specific activity of the released antibody 
was somewhat less (9.1 x 10* cpm/ M g) than that of the intact immn- 
notoxin (10 x 10* cpm/pg). Correction was therefore made for this 
difference when calculating the amount of released antibody in the 
bloodstream. Clearance measurements were expressed as a percentage 
of the injected dose assuming that the mice had a Mood volume of 2.18 
ml/25 g body weight (30). 

A two-compartment open pharmacokinetic model was fitted to the 
plasma levels of immunotoxins and released antibody using a comput- 
erized nonlinear least-squares regression analysis (31). A weighting 
function of l/(Y + ff was applied to all data points (32). These 
analyses yielded the half-lives of the immunotoxins in the a and 0 
phases of clearance. Abo, the half-lives of splitting of the immunotoxins 
to free antibody and A-chain were calculated using an extension of the 
same model to be described in a subsequent report. 1 

RESULTS 

Rates of Reduction of IgG Derivatized with Various Coupling 
Agents 

Bovine IgG was reacted with SMBT, SBT, SPDP, or 21T 
and then treated with DTT followed by Ellman's reagent to 
form antibody derivatives in which the same activated disulfide 
group was present in all. The antibody derivatives differed only 
in the groups through which the activated disulfide group was 
attached to the protein, as in Fig. 4. 

The release of 3^arboxyIato-4-nitrothiophenolate ion when 
the antibody derivatives were treated with DTT or glutathione 
followed approximately second order kinetics, although the rate 
constant was greatest during the initial phase of reduction (Fig. 
5). The activated disulfide groups reduced first probably occu- 
pied positions on the protein that were accessible to the reduc- 
ing agents, whereas the more resistant groups were probably 
buried more deeply within the protein. The second order rate 
constants listed in Table 1 have been calculated at the point at 
which 50% of the leaving groups have been released and define 



awn* were tnen mixed, transferred in l-ml volumes to the agar-coated .u i • " ° f""*"' ""' v ■wwmwu «uu uumc 

Petri dishes, and were cooled for 1 b at 4*C to solidify the agarose. The \* re ! at,ve ease of reduction of the disulfide bonds formed by 

Petri dishes were then incubated at 37*C for 10 days and the number tbe duTerent reagents. 

of colonies containing about 100 cells or more was counted using an The stability of the different linkages depended upon the 

inverted microscope. The percentage of cells that survived exposure to degree of steric hin drance afforded by the groups adjacent to 

the immunotoxins was calculated by comparing their cloning efficiency ~ 

to that of untreated ceils for that particular experiment. Tbe cloning ^JL^L^^l °u N * Sk ?? et ^' ** i Price - 11 NeweU » P-E. Thorpe, 

efficiency of untreated cell, ranged from 65 to 76%. ** a^S^o^ 
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Table 1 Hate constants for the reduction of IgG dervtatized with various coupling 
agents by DTT or glutathione ™>p*mg 
»oyme IgG was reacted with the above coupling agents and the derivative, 
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auf^dfS^ » ^ ^ «~ activated disulfide group^p^enTS 
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Coupling 
agent 



SMBT 
SBT 
SPDP 
2IT 



Rate constant (liters- moT's - ') 
PTT GlutathionT 



14 

72 
250 
320 



US 
Not done 
52 
165 



OX7^SMBT-abrA 
OX7-SPDP-abrA 
QX7-21T-abrA 
OX7-abrA cocktail* 
RlO-SMBT-abrA 
RIO-SPDP-abrA 
RlO-21T-abrA 



2.6 x 10- ,a 
2.0 x I0-" 
3.0 X 10"" 
3-3 X 10-" 
>3xl(T 4 
>3x lO-^ 
>3x Kr* 



0.0086 ± 0.0003 
0.0049 ±0.0021 
0.0037 ± 0.0002 
0.0053 ± 0.0003 
90.0±83 
73.5 ±12.0 
74.0 ± 1.4 



the disulfide bond. As shown in Fig. 5 and Table 1, the SMBT 
reagent gave the most stable linkage, probably because the 
disulfide bond was protected by the methyl group and, to a 



I W 1 ^ te ™' ncd " «Pfriments such as is shown in Fig. 6. 
Jmmunotoxins were applied to the e*fU »t i i ^ «m ™ 

wi£ S°MBV%Phr nt !: ^ 7 abrA in »»unotoxins prepared 
c£22EfIK. ^ 21 J ^ re . f0 - U ? d to ^ ™y similar 



lesser extent, by the ben^nTrinX ^^^blTS.^ *K «? 2IT — l^^SE 

was given by SBT which has a benzene ring in the same poS AKRA / 2 ce,k " Their IC„ values in Sflleucine 

as in SMBT but which lacks the methyl group. The leasVstaSe KT? ^ ™*ed between 2.0 and 3.0 X iV" m 

Z^UFVT" RiveD by SPDP 2IT reagents in which 7* ^ the *f, toxic effects were specific Control 

me aisuir.de bond is essentially unprotected. Thus, in summary ,„ Z 7? f/epared from the RIO antibody were not toxic 

5£J^2f th V* te constants for ^e reduction of the SMBT -one rf^nv? * ? >ncentratio «* « high as 3 X 10- m. and 

SBT, SPDP, and 2IT linkages with DTT were 0.04:0.23:0 781 1 " , ? X7abrA "nmunotoxins was toxic to EL4 cells, a 

respectively. The reciprocals of these ratios give the retative lymphoma fane which lacks Thy-1 . 1, at 3 x 1 0- m 

£5¥? ,°{ SMBT > SBT - SPDP, and 2IT linkages a^ Clonogenk Assavs 

» % i u ' respective, y- ^ese differences were evermore MyS 

marked - t _ . . ^ 



, ' ^- — »«"vivuyw were even more 

TabteJ) 8,Utathione ^ »sed ^ the reducing agent (see 

Cytotoxicity to AKR-A/2 Lymphoma Cells 



Clonogenic assays were used to quantify the survival of AKR- 
A/2 cells after treatment with the different OX7-abrA immu- 
2IT S SSr'S" 8 conce n'ration of 1.3 x 10- M . The 
0 mmS !TS n ed ,mn,unotoxins ki,, e«l all but 0.0037 and 



PHILeocine Incorporation Assays. OX7-SMPT-dg.ricA had 00049% ^™*- ,5 »Jjf«« i immunotoxins killed all but 0.0037 and 

identical abil,> to 0X7-21^8^ to reduce proteif ^y^bSs ,m^no,° : Z^nT'V™ 1 '- Whereas ,hc SMBT-linked 

by Thy-,.,^ xp mg AKR-A/2 cells in tissue^ S5S?S£S th'e kB ST 2 "*? ^ 2 >' ^ 

Both immunotoxins reduced the [ 3 H]Ieucine incoroorated bv ImZl^f ^" ,he kl,, . ,n 8 obtained with the SMBT-llnked 

the cells by 50% at a concentration (the S ofoTlT" m ZTr T m - ™? whh ,he ° ,her ,wo immunotoxins is 

They were about 10-fold more potent evL ^ than Adn whfch hTd Z T^. (P < ° ° 5) bul b vc ^ " view of 

an IQ. of 8 x 10- m. The toxic effects weTsS^^c^ nre e 1™?™°^ *V-*? °[ th€ ^ killed wSTdl 

jugated OX7 was not toxic at 10- m and unconKS dg rkA ^ T" ,K °* * A S ' m,,ar 8, « n,n «»« difference wa. ob- 
and the control immunotoxin, RlO^MPT^g.^ were la 'ned when the experiment was repeated, 

toxic at concentrations in exc«s of 10- m. J c ' W " V .l C :° ncs of f e,,s . wnfch ""vlved exposure to OX7- 
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2IT-, and SPDP-linked immunotoxins was tested in pHJleucine 
incorporation assays. Of 1 1 clones, one clone was fully resistant 
to all 3 immunotoxins, 4 were fully sensitive, and 6 showed 
intermediate sensitivity. None of these v clones showed more 
than a Mold difference in their sensitivity to any individual 
immunotoxin indicating that the type of linkage used to form 
the immunotoxin does not usually affect the nature of the 
surviving cells (results not shown). In contrast, the 12th clone 
(S6A2) was 5- to 10-fold more sensitive to the 2 IT- linked 
immunotoxin than it was to the other two immunotoxins. The 
ICsq values for this clone were 1 X 10"* m with the 2IT-linked 
immunotoxin and 5 X 10"" 9 and 1 X 10r* m with the SPDP- 
and SMPT-linked immunotoxins, respectively. Importantly, 
none of the clones studied was resistant only to the SMBT- 
linked immunotoxin suggesting that an inability to split the 
hindered disulfide bond in the SMBT linkage was not a cause 
of mutant cell survival. 

Stability and Clearance Rate of Immunotoxins in Vivo 

Fig. 7 shows autoradiographs of SDS gels of blood samples 
from mice given injections of radioiodinated OX7-SMPT- 
dg.ricA or OX7-2IT-dgjicA at various earlier time intervals. 
The immunotoxin preparations that were injected contained a 
single major component (Af r 180,000) consisting of one mole- 
cule of antibody and one molecule of A-chain. After injection, 
both immunotoxins broke down to give a long-lived product 
(Mr 150,000) corresponding to free antibody. At later tune 
points (Fig. 7, lanes 9 and 10) a minor component (M g 210,000) 
was also seen on the gels. Free A-chain (M r 30,000) was not 
seen at any time point probably because it was very rapidly 
cleared (33). 

The rate at which OX7-SMPT-dg.ricA broke down to release 
free antibody in vivo was slower than that of OX7-2rT-dgjicA. 
Plasma samples contained approximately equal amounts of 
intact immunotoxin and released antibody 48 h after injection 
of OX7-SMPT-dg.ricA (Fig. 7a, lane 8) as compared with after 
about 8 h in recipients of OX7-2IT-dg.ricA (Fig. 7b f lane 6). 
The released antibody had a specific activity of 9.1 x 10 6 cpm/ 




Mg which is lower than that of the intact immunotoxin (10 x 
10* cpm/ fig) so that the true amount of released antibody is 
slightly higher than appears to be present on the gels. The rate 
of splitting of OX7-2IT-dg.ricA was very similar to that of 
OX7-2IT-abrA and OX7-SPDP-abrA which, as we previously 
reported (10), have the same stability. 

The breakdown products, of the immunotoxins were charac- 
terized by absorbing the plasma samples with anti-ricin anti- 
body coupled to Sepharose and rerunning the gels. This pro- 
cedure entirely removed the intact immunotoxin (M r 180,000) 
leaving behind the At, 150,000 component corresponding to 
released antibody and the M r 210,000 component (results not 
shown). Absorption of the plasma samples with Sepharose 
coupled to an antibody of irrelevant specificity removed none 
of the radioiodinated components, confirming that the absorp- 
tion of immunotoxin by antiridn coupled to Sepharose was 
antigen specific The M r 210,000 component therefore lacked 
nan A-chain and probably arose by displacement of the A- 
chain from the immunotoxin by a serum component with a 
calculated molecular weight of approximately 60,000. One pos- 
sibility is that this serum component is albumin (M r 67,000) 
which, having a free thiol group, could potentially displace the 
A-chain and remain attached to the antibody. 

In Fig. 8 are shown the amounts of OX7-SMPT-dgjfcA and 
OX7-2IT-dgjTcA remaining in intact (M r 180,000) form in the 
blood plasma of mice at various times after injection. The 
clearance curves were Diphasic, having an initial rapid a-phase 
followed by a slower 0-phase. A computerized analysis of the 
clearance data using an open two-compartment pharmacoki- 
netic model gave a-phase half-lives of 1.2 ± 0.2 (SE) h for 
OX7-SMPT-dgjicA and 23 ± 0.3 h for OX7-2IT-dgjricA. In 
the 0-phase, the half-lives were 22 ± 1 h for OX7-SMPT- 
dgjricAand 11 ± 1 h for OX7-2IT^ricA. The a- and 0-phase 
half-lives for native OX7 antibody were 6.7 ± 1.2 hand 118 h, 
respectively. Using a computerized analysis to be described 
elsewhere, 3 the OX7-SMPT-dgaicA was calculated to split up 
to give free antibody with a half-life of 21.8 h as compared with 
63 h for OX7-2IT-dgjicA. 

As a consequence of its better stability, 10% of the injected 
dose of OX7-SMPT-dgjicA remained intact in the blood 
plasma 48 h after injection as compared with 1.5% of OX7- 
2IT-dgjTcA and 35% of native OX7 antibody (Fig. 8) 
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Time after injection (hours) 

<™ F !Lnv^ ^ °f °.X7^MPT^ricA (■), OX7-2IT-dgjicA 

and Wood samples were removed at various time intervals later. The percentajte 
of the injected dose that corresponded to intact (M, 180,000) iinmtmotoxin wis 
determined by scanning autoradiographs of SDS gels such as those m Fig. 7 
Atfatt, geofnetric mean and SD (ban) of resnhs obtained in three mice. OX7 
derrratiad with 2IT or SMPT followed by reduction and ilkyiation had identkal 
blood clearance rates to native OX7 antibody (results not shown). 
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In contrast with the in vivo results, breakdown of ih„ ; m . , 

notoxins was not seen when they were incubate7at3rc Z £ !° aCti ° n of a dkuMide "ductase and the hind. • 

hin2 m .of m ousep]as m aorhe pa nnizedwhoteb,^^ SST'TSST* 

DISCUSSION ^^J^-£JX2S 

DISCUSSION S^^i^-^ «° '^^^SS^ 

In the present study, we synthesized two new coupling agents. invUrot^Zl^ Simi,ar "^^ » other 

^E^f ! MPT ' for pre ^ i-munotoxins contS amHieTw^ vl!! 'T^' 0 *™ constructed fron, 

disulfide bonds with improved stability in ww . 8 strenrhMinT.hp it J v° f - ddTerent Thus 

The SMBT and SMPT reagent generate the same protected neh ^S^S^ in " n V n 1 otoxin does no. weal^ 

disulfide hnkage , in which a methyl group and a benzene ring proteinosis S to 4« h^™! ^ « re " redurti °ns fa 

^ w " 8Ch ^ t ° c t if^ bon atom ad >«nt to the disulfide bond! the cei • " * h add,n * tbe ^munotoxin to 

which has to be reduced and the resultant fS^SSj^Si ^SuSS ^ ^ ™* S 

Ellman's reagent; (A) the SMPT coupling procedure does^U Ihe imm.l ! y significant and prompted us to examine 
7«lve exposing the ant«H>dy to ^ urv^vXxoosT.rr^V 2 C,ODes of <*»* 

SKT* disuMIde — fa - — * - * *2 

In model experiments with antibody derivatized with differ "naS to^l^*? ^ immun otoxins showing that m 

ent coupling agents, the protected disulfide bond formS of£ £ diSU,fidc ,mka *« *»» "Lse £ 

SMBT reagent was found to have 24-fold greater resistance *o survival o? _J^! WaS not a «* ""tant cell 

reduction with DTT than the unprotect^dfeuuldrb^S W^'/ ^ * not a stao,c mutation, 

formed by the SPDP and 2IT reageL. Bo£ .ne benzene^™ SMctSSJEJ?"" 1 " USm * *• SMB T and 

and the a-methyl group contribute to the greater stabilifv of£f h^„L •!?• Sh ° U,d have antitumor activity in vivo 

SMBT linkage. This is indicated by our £3£ STZ't 8 T Stab,e « have "ore time^oTocate 3 

SMBT linkage but which lacks the a-methyl group was about . 
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to the disulfide bond but it has a smaller — CH 2 • CHr— amun aJgoSk W ^hS in2£ ^ *" pharma " 

■n place of the benzene ring in the SMPT linkage andlTZv the man ^ 
have inferior stability. . may 

m^stoSv ^"r^V 1 Pre f Pared "1 th SMPT broke «own REFERENCES - 

more slowly /« to release free antibody than an immuno- 
toxm contain ne the >.nh; n H^ ht _~~." n mmuno ^ 



r , w w iwww iree anuDody than an immuno- 

toxm containing the unhindered 2IT linkage. Co^sZZSv 
the /J-phase half-life of the SMPT-linked tomnSSTlS. 
increased to 22 h as compared with 1 1 h for the immunoto^ 

Z??!?, , (,8) mcreased stab '*«»y of the SPDB linkagewat 
not d^ectly demonstrated but was inferred from the fart that 

t^o ffZZV' the JPWinked immunotoxS 
' " ^ t0 . 14 h as compared with 10 h for an immunotoxin 
prepared with an unhindered linkage. 
The mechanism by which immunotoxins are broken down in 

rnimunoT^ 14 ^ bee " Su ^ ted fr om £ fodm^iS 
immunotoxins do not break down significantly when mcubated 

^r;uh^e a o°f r t h ho,e b,ood , ''*. that ^ e -2 

occur within one of the organs or tissues of the animal oossiblv 

X GlH V me ( " - HO r WeVer ; & not »«=essarily tnit 
OSH, the major free plasma thioL is very raoidlv L* 
Plasma in vitro by mechanisms that do not a^to^v^ 

oV^T^^Z ^ (34) - 7 " GS^continu^ 
being manufactured by the hver and is maintained in plasma at 
Jjeve of about 24 <iM. Thus it is possible that £dE3£ 
^vo Z'T^V 0 *™* S,OW,y S P ht ^ GSH in the blood in 
tond n^^ . P,aCmg hmderin8 ^"P 5 "ound the disulfide 
bond protects it from attack. Alternatively, the splitting couW 
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